There are great differences in silk production efficiency and quality between the male and female domestic silkworm (Bombyx mori). Many genes act together but are differentially expressed between the sexes during silk biosynthesis. Two long serial analyses of gene expression (SAGE) libraries were constructed from the midguts and silk glands of both males and females of a sex-limited strain using 5 th instar larvae, yielding in total 96,713 and 98,126 SAGE tags, respectively. Among these tags, 202 were analyzed (p < 0.05 and at least a 2.0-fold change between sexes). Overall, 69 genes were then annotated in detail and 15 tags were annotated with expressed sequence tags (ESTs) based only on the NCBI, SilkDB and long-SAGE libraries. Of these genes, only three could be ascribed to sexual disparity as described by microarray-based expression resources of day three of 5 th instar in Dazao B. mori microarray database (BmMDB). The other 66 genes were considered the SAGE-extracted genes that are differentially expressed between the sexes of the whole 5 th instar larvae. Among the 66 genes and 15 tags, genes (and gene families) sex-specific storage-protein 1 gene (Sp1), low molecular mass 30 kDa lipoprotein 19G1 gene (Lp-c19), serine proteinase family [serine protease precursor gene (Spp) and chymotrypsin-like serine protease gene (Ctlp)], Serpins (Spi1 and Spi2) and Ser1, and the tag 1161 (annotated EST No. BY926524), which are involved in protein digestion in the midgut, synthesis of silk and inhibition of protein disintegration in silk gland, were verified by the remarkable disparities in gene expression between the sexes. The established SAGE library would contribute to the further identification of genes related to sexual disparity in silk protein production efficiency.
INTRODUCTION
The domestic silkworm (Bombyx mori L.) is an important economic insect species and also an ideal organism for research (Mita et al., 2004; Sakudoh et al., 2010) . Based on the fact that B. mori possesses more sex-specific proteins than Drosophila, it is an advantageous model for production efficiency, even if there are weak male larvae and female eggs drain. Therefore, attention to genes differentially expressed between the B. mori sexes have biological and silkworm-cocoon production significance.
The 5 th instar is a significant stage for rapid development of B. mori larvae. During this stage, most of the larval developmental processes are completed and a mass of silk proteins are initiated to be rapidly synthesized (Xia et al., 2007) . The silk gland and midgut are the main sites where pigment is transferred to the cocoon from the digestive tract; they are also the target organs of multi-gene regulation of the protein synthesis process for both sexes (Jin et al., 2004) .
Thus, studies of the silk gland and midgut in this stage will help elucidate the regulatory mechanism of the complex synthesis process of silk proteins and help explain the disparity in protein synthesis efficiency between males and females. Serial analysis of gene expression (SAGE) is the most versatile method to study genome-wide gene expression. The frequency of each tag in the SAGE library provides an accurate estimate of the abundance of its corresponding mRNA (Poole et al., 2008; Bala et al., 2005) .
Application of SAGE technology has led to the construction of SAGE libraries at different developmental stages and libraries that compare differentially genes following various treatments of B. mori both types have yielded many valuable findings (Huang et al., 2005; Funaguma et al., 2007; Zhang et al., 2007) . A yellow cocoon sex-limited strain of Ysh and a W-chromosome mutation of carotenoid protein gene (Cbp) were selected to establish the long-SAGE libraries of the silk gland and midguts of the whole 5 th instar larva stage for males and females, respectively. Disparity expression genes in silk gland and midgut that were differentially characterized between the sexes were screened in accordance with both the microarray expression profile on B. mori microarray database (BmMDB) and the unigenes notes and were analyzed for further research. The value of extracting and researching genes related to the differential regulation of protein synthesis between males and females was demonstrated by the sexual disparity of spatio-expression profiles and their relation to protein synthesis.
MATERIALS AND METHODS

Organisms
Ysh, a yellow cocoon color sex-limited strain of the silkworm B. mori, was provided by the Development and Genetic Molecular laboratory of the Medical College of Soochow University (Suzhou，China). Silkworm larvae were reared with fresh mulberry leaf at 25°C, a relative humidity of 70 to 80% and under a 12 h light/12 h dark cycle. Under these conditions, the two sexes of larvae were able to be accurately distinguished during the 4 th and 5 th instar stages by abdominal color. Most of the larvae reached the wandering stage in the late photophase on day seven at the 5th instar stage and spun their cocoons three days later at the pupa stage. Gan et al. 10995 
RNA isolation
All ribonucleic acid (RNAs) were prepared from two males and two females for each tissue. Overall, 10 tissues or organs, including epidermis, head, anterior silk gland (AMG), median silk gland (MSG), posterior silk gland (MSG), hemocyte, midgut (MG), malpighian tubule (MT), ovary and fat body (FB), were sampled on day three of the 5 th instar larva (5L-3). Meanwhile, to find the exact time points that correspond to different expressions between the sexes, 13 time points from silk gland and midgut were taken from day 1 of the 4 th instar larva (4L-1), which is the stage yellow color and white color larval can be initially discerned, today two of the wandering stage (S-2). All samples were stored immediately in liquid nitrogen. Total RNA was isolated using TRIzol reagent (Life Technologies) and purified using an Oligotex ® Messenger ribonucleic acid (mRNA) Midi kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. All sample concentrations were estimated by spectrophotometer.
SAGE library construction
The SAGE procedure was performed on the mRNA from the silk glands and midguts of silkworms. The SAGE library of each gender contained seven silk gland samples and seven midgut samples from same-sex larvae of the Ysh strain, from day one of the 5 th instar larvae to day one of the wandering stage, with each sample taken once a day. The sample of every library was mixed equally yielding 2 μg per original sample. The sample quality of two mixed libraries was confirmed by spectrophotometer and again by electrophoresis analyses.
The two SAGE libraries were constructed using the I-SAGE™ long kit (Invitrogen) with the method described previously (Huang et al., 2005) . Purified mRNA was bound to oligo (dT) magnetic beads. Superscript™ II reverse transcriptase was used to synthesize double-stranded complementary deoxyribonucleic acid (cDNA) from the template mRNA-bead complexes. The cDNAs were digested with the anchoring enzyme NlaIII, which recognizes a four-base sequence (CATG). The ligation products were digested with the tagging enzyme Mme1, which recognizes a sequence in the linkers and cleaves 17 bases downstream of this sequence. The concatemers with 454-SAGE adapters were size fractionated and those of 300 to 800 bp were isolated and linked with M270 magnetic beads. Single-stranded deoxyribonucleic acid (DNA) was isolated using a Qiagen kit and sequenced using a Roche 454 GS-FLX DNA Sequencer (Roche, Switzerland).
Gene identification (GLGI)
The conditions for identification of significant differences between the two libraries were set at a p-value < 0.05 and at least a twofold change. According to these criteria, different expression tags were selected and used to compare different expression levels. Some genes with no gene annotation were selected to generate longer cDNA fragments from SAGE tags for gene identification (GLGI) (Chen et al., 2002) according to the SAGE protocol. A sufficient number of templates for GLGI analysis were generated using low-cycle polymerase chain reaction (PCR). We used the SAGE primers 5′-GGATTTGCTGGTGCAGTACA-3′ as the sense primer and 5′-ACTATCTAGAGCGGCCGCTT-3′, which was located at the 3′ end of all cDNAs generated from the anchored oligo (dT) primers, as the antisense primer. The sense primer used for GLGI amplification contained the 17-base SAGE tag sequence, giving a total of 21 bases for each primer (5'-CAT GXX XXX XXX XXXX XXX XX-3'). The PCR-amplified products were purified and then cloned into the pMD18-T vector (Takara). The products were (Gan et al., 2010) .
SAGE data analysis
SAGE 2002 was used to quantify the abundance of each tag. The two long-SAGE libraries were deposited in the SAGE map database on GenBank (Accession numbers soon to be available). Based on the NCBI EST database, we constructed a reference SAGE-tag database that represented the known silkworm ESTs. The EST sequences used to identify SAGE tags have a poly (A) tail (minimum of eight A nucleotides) (Lash et al., 2000) and the last CATG cleavage site in the sequence. All 17-base SAGE tags 3′-adjacent to the 3′-most NlaIII site (CATG) extracted from the reference sequences were used to build the reference SAGE database. The reference sequences allowed matching of experimental SAGE tags. The software we developed was used to match experimental SAGE tags to the reference SAGE database, which allowed the identification of genes that potentially corresponded to each SAGE tag. If the sequence had no corresponding gene as determined by BLAST analysis of the silkworm database of NCBI but could be confirmed in the WGS database of silkworm it was termed a 'novel sequence'.
Reverse transcriptase (RT)-PCR
According to the manufacturer's protocol (Invitrogen), the first-strand cDNA synthesis was conducted with prime of oligo-(dT) 18, and PCR was performed using the appropriate following gene (or EST)-specific primers. Expression levels were normalized to the expression of silkworm Actin 3 genes. PCR conditions were as follows: 94°C for 3 min and 30 cycles of 94°C for 30 s, 54 to 57°C for 40 s, 72°C for 40 s and a last cycle of 72 for 10 min. The products were detected by agarose gel electrophoresis and analyzed with gel image system (GIS) software package (Tanon Company, China).
Annotation of gene function
To understand gene function, we performed functional annotation of the candidate genes systematically by using bioinformatics tools. First, we annotated with gene ontologies (GO) categories based on the three levels of biological process, molecular function, and cellular component. The candidate gene sequences were assigned to the nr database in GenBank and GO annotations (http://www.geneontology.org/) were assigned. Then, with Web Gene Ontology Annotation Plot (WEGO), the GO annotation results were plotted. The other annotation analysis was conducted using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/home.jsp), which is an online tool that provided the gene symbols. Differentially expressed genes with significant enrichment were then compared.
RESULTS AND ANALYSIS
Construction results of long-SAGE
Total SAGE-tag copy numbers of 96,713 and 98,126 were available from female and male silkworm libraries, respectively. In total, 32,099 unique tags were detected, among which 21,244 and 19,050 tags were found in females and males, respectively. Additionally, the alternative number of tags was 13,049 in females and 10,855 in males, with a mutual number of 8195 in both sexes. Most of the tags were found with one or two copies, but there were a few tags with frequencies higher than 100 (Table 1) . Nearly 8.9% of the 2,854 tags were matched to the public silkworm ESTs.
Analysis of highly expressed tags
Of the 100 highly expressed tags, 95 tags had gene annotations and five tags had only EST evidence. Of the annotated genes, more than 47 were ribosomal protein genes. There were also some genes with very high expression levels, such as the six cytochrome genes, five NADH oxidoreductase genes, five protease genes and two lipase genes. These genes play imperative roles during transportation and synthesis of silk (Tabunoki et al., 2004; Mahendran et al., 2006) .The GO functional categories for these highly expressed genes are shown in Figure 1 . In total, 88 genes had GO functional classifications. Nearly half of the genes were shown to be involved in cell and cell part, in cellular component and metabolic processes, and in biological processes. Other enriched GO function terms were intracellular, macromolecular complex, non-membrane-bounded organelle, ribonucleoprotein complex and structural molecule, and 
Annotation of differentially expressed tags
Based on the conditions of P < 0.05 and at least a twofold change between the sexes, 202 tags were selected from 32,099 unique tags in the two SAGEs as differentially expressed tags. Among these tags, 94 tags were up-regulated and 108 tags were down-regulated in females as compared to males. Overall, 76 tags were annotated to 69 genes in detail and 15 tags were annotated with ESTs based only on the NCBI, SilkDB and the long-SAGE libraries, while 111 tags (55%) were left unmatched ( Supplementary Table 1 ). Table 2 lists the annotation results for 48 tags that were differentially expressed (fold ≥ 10) between both the SAGE libraries. Among them, 18 tags had gene annotations, two tags were gained through EST evidence, while 28 tags (58%) were unmatched SAGE tags. The results indicate that the constructed SAGE libraries were of great value in extracting novel genes related to protein synthesis.
Function analysis of the annotated genes
Based on the transcripts per million (TPM) value of each tag, the 76 tags above were clustered (Figure 2A) by Matlab R2009a software, in which up-regulation in females and males were clustered (parts (a) and (b), respectively). A similar expression pattern based on BmMDB is shown in Figure 2B , indicating corresponding gene probes of these tags from Supplementary Table 1 . Those genes with similar expression patterns were clustered on the same platforms, showing tissuespecificity in two platforms. BmMDB (Xia et al., 2007) provided gene expression microarray-based data on day three of 5 th instar of Dazao (females and males separately). Application value of the SAGE libraries can be assessed by the ratio of genes that are differentially expressed between the sexes from SAGE and BmMDB. In total, 76 tags were annotated to 69 genes, of which 59 genes can be probed by 64 valid probes in BmMDB. The results show that 56 genes annotated with 63 tags (94.9%) had inconsistent expression patterns ( Figure 2 ).
Only three genes, annotated with tags of sex-specific Figure 2) . The results suggest that more genes differentially expressed between the sexes could be extracted from the SAGE tags during the whole 5 th instar larva stage than that from BmMDB on day three of the 5 th instar. Furthermore, a functional classification of the 55 differentially expressed genes was performed from those gene symbols given by the DAVID database (Table 3) . Function annotation results indicated that nine genes (LOC692357, LOC732998, LOC732967, HEL, LOC692513, LOC692849, CHI, LOC692977, and LOC100134929) annotated proteolysis, followed by two genes encoding lipase and two genes encoding superoxide metabolic process, suggesting that the Column 1, Annotation term; column 2, gene count belonging to the term; column 3, percentage of genes in sum genes taking part in analysis; column 4, gene list belong to the term; last column, fold value.
Red rectangle indicate enriched category terms with P Value<0.05. differential expression was a key issue in disparities observed with respect to metabolic regulation of alimentation and silk protein synthesis between the sexes of larvae. In addition, the three genes OSI9, OSI18 and OSI19 encoded a protein of unknown function, DUF1676, indicating that the annotated genes from SAGE tags had further value in investigating the mechanism of the difference of silk protein synthesis efficiency between males and females. Interestingly, three genes encoding low-molecularweight lipoprotein shared the same annotation of microvitellogenin, which had been previously reported to show expression differences between the gonad of male and female silkworms (Yano et al., 1994) .
Verification on differentially expressed tags
Overall, five annotated genes and one EST evidence tag was further selected to verify the results of the SAGE libraries, and the results are as follows (Primers are listed in Supplementary  Table 2 ).
Annotation genes of different expression between the sexes
In the SAGE results of the whole 5 th instar larva silk gland and midgut, a 3.75-fold sexual disparity tag (ATGAACTGATCACACGA) was noted for the gene Sp1. The expression profile on BmMDB indicated that Sp1 was mainly translated in the fat body, gonad and so forth of the females, but the sex-specific expression in the silk gland was not that noticeable (histogram in Figure 3 ). The results of saturated RT-PCR demonstrated that no obvious disparity in the midgut was observed at mRNA transcription level, but the mRNA production was mostly detected in the silk gland of females rather than males (electropherogram in Figure 3 ). Hence, the SAGE results provided more accurate information of sex-related differentially expressed genes in the silk gland and midgut. The 30K is a type of protein that exists most prevalently in hemocytes of the 5 th instar larvae; it is also both the main component of ovary protein and an important nutritional resource in embryonic development (Kerr, et al., 1969; Kim et al., 2003) . In the current study, four tags (GCCTGGGGATACAATGG, GCCTGGGGATACAACGG, GTACATCGTCCCCTACT and AATAATGTAATAAACGA) corresponding to the three genes of low-molecular-weight 30-kDa lipoprotein family were differentially expressed with folds of 3.0, 3.2, 4.7 and 4.3 between the two libraries. One of the three genes, low molecular mass 30 kDa lipoprotein 19G1 gene (Lp-c19), was examined for spatio-temporal expression during 5 th instar larvae.
The RT-PCR result indicated that the gene was expressed in several tissues, higher in midgut and epidermis ( Figures 4A and B) in both sex on day three of 5 th instar larvae. Therefore, the midgut was selected to present the developmental expression profile. The results indicate that the expression began from day one of the 5 th instar larva stage to day one of the wandering stage in female, but it was not consistently expressed during this stage in male ( Figures 4C and D) . Gene expression results were accorded to the difference in SAGE tags frequency ( Supplementary Table 1 ) and that this kind of protein is coincided to the fact that a large amount of this protein exists in females.
Serine protease genes
Serine protease (SP) is a key enzyme in protein digestion and absorption. Overall, 143 putative genes encoding SPs had been identified, including two representative genes of serine protease precursor gene (Spp) and chymotrypsin-like serine protease gene (Ctlp) (Zhao, et al., 2010) . In the current study, the Spp gene (Tag ATTTTTTTGTAAATAAA) and the Ctlp gene (Tag AATTTCTTCAATCAACA and Tag CCAGAAGTA-AATGTAAG) were highly expressed in the female library (2.3-fold and 2.1 to 4.4-fold, respectively). Investigations in both sex on day 3 of 5 th instar larvae indicated that the two genes were only expressed overwhelmingly in the midgut (Figures 5A and B) . The expression profile in midgut of Spp gene indicated that it was highly expressed in females than in males in a later period of 5 th instar and wandering stage (from 5L-5 to S-2), presuming that the female consumed more protein nutrition in the ovum making ( Figures 5C and D) .
Kazal-type serine proteinase inhibitor
Kazal-type serine proteinase inhibitor (serpins) is a kind of enzyme that participates in inhibiting the activity of serine proteinase. Overall, 34 putative genes encoding serpins had been identified (Zou et al., 2009) , including two representative genes of Kazal-type serine proteinase inhibitor 1 (Spi1) (Kurioka et al., 1999) and serine proteinase inhibitor 2 (Spi2). In the SAGE libraries, Spi1 (Tag  TCCTTAATTATATATGG) and Spi2 (Tag TGAATTTAGGGTTGCCA) were expressed higher in males than in females (2.3-to 5.3-fold and 3.8-fold). The results of RT-PCR indicated that Spi1 was highly expressed in the midgut and silk gland, while Spi2 was highly expressed in the MSG, epidermis and head in both sex on day three of 5 th instar larvae ( Figures 6A and B) .
Further investigation studied the expression change in the silk gland and the development stages. Between the sexes, the Spi1 gene was only expressed from day three of the 5 th instar larvae to the spinning time in females but was expressed longer in males and at a higher expression level ( Figures 6C and D) ; these findings imply that the inhibition activity of protein degradation in the silk gland was stronger in males than females during the middle and later period of the 5 th instar larvae.
Sericin 1
Sericin genes, specifically expressed in the MSG of silkworm larvae, are a family of genes that include five identified genes (Ser1 to Ser5). Ser1 is only expressed in MSG cells with transcriptions of a 2.8 kb mRNA and a type of mRNA precursor; three of the precursor's cleaved products would conduct the translation of sericin proteins S1, S2, and S3. The Ser1 gene could be annotated by tag (ATGGAAGCGTAACATCC) in the SAGE libraries, in which the copy number in males was twice that of females. The RT-PCR results indicated that the expression level of Ser1 gene in the silk gland of males was remarkably higher than in females (electropherogram in Figure 7) . The expression profile on BmMDB showed that Ser1 gene was highly expressed only in the mixed samples of ASG and MSG and that the mRNA level was higher in males (histogram in Figure 7 ). The results above demonstrated that the synthesis efficiency of the silk protein in males was higher than that of females.
Novel tag
A SAGE tag of GCTTCCGCCGTGCCTGC (Tag.1161) was annotated to EST BY926524 of the silkworm database at NCBI. Copy numbers of the tag in the female and male SAGE libraries were 3 and 18, respectively. Expression abundance of the EST in 11 tissues of Ysh strain was investigated by RT-PCR. The results show that this EST was only expressed in midgut on day three of 5 th instar larvae ( Figures 8A and B) , and more highly expressed in males from day two to five of the 5 th instar, during which period there was no expression in females ( Figures 8C and D) . It is indicated that present SAGE tags from midgut and silk gland hold the potential value for excavating the differentially expressed genes between the sexes.
DISCUSSION
Contribution of the established SAGE libraries to the extraction of genes related to the sexual disparity in silk protein production efficiency
The purpose of raising silkworms is to produce a cocoon, specifically a cocoon shell. However, there are striking differences between the feeding efficiencies of the two larva sexes. The 5 th instar of Bombyx is a transition period for the metamorphosis from larva to pupa, and some 90% of silk proteins were biosynthesized within this period.
Based on the fact that it is difficult to discern the sex of normal larvae in sericulture, heredity strains linked to the W chromosome, such as sex-limited egg color, sex-limited stripe, and sex-limited cocoon color, were obtained by creating and applying chromosomal translocation mutants. These strains are convenient for sericulture and provide good materials for investigating the disparity in feeding efficiency between the sexes.
Sex-dependent visible mutations of B. mori have been identified and the differences between the sexes of proteins translated in the middle silk gland have also been investigated (Jin et al., 2004) . However, the genes involved in differential expression of yellow cocoon color sex-limited varieties have not yet been identified nor have these genes been analyzed in the published data from corresponding silkworm tissues. Therefore, it is necessary to establish an expression library for excavating and identifying silk synthesis related genes that are differentially expressed between the sexes of silkworm.
Although the public database BmMDB provided the gene expression profile of 10 tissues on day three of 5 th instar of the Dazao strain, it does not cover the differentially expressed genes during all the silk protein synthesis stages (Xia et al., 2004) . Therefore, the database BmMDB cannot meet the requirements of excavation and analysis of these genes. Thus, studies of the silk gland and midgut in 5 th instar will help elucidate the complex regulatory mechanism of the silk protein synthesis process and help explain the disparity in synthesis efficiency between males and females. In the SAGE libraries, more than 70 high-abundance genes involving a silk protease and a special protein in the midgut or silk gland were observed. Verification of these annotated genes and tags with EST evidence showed that their expression tendencies in both sexes were similar to those in corresponding SAGE libraries.
Low-abundance tags with additional utility value in the SAGE libraries
Previously, SAGE analysis showed that higher expression tags can be matched to known gene sequences, while the low expression tags do not match to any of the silkworm genome sequence, indicating that these low-expression tags corresponded to unknown or poorly characterized transcripts with specific tissue distribution (Virlon et al., 1999) .
Thus, we did not pay enough attention to these low-expression tags and may have missed some important information. Several sex-determination homologous genes have previously been reported to show expression differences between male and female silkworms , Suzuki et al., 2003 . Of these genes, groucho (gro) and transcript variant F (tra2) were expressed at higher levels in the ovary while sex-lethal (sxl) and intersex (ix) were expressed at higher levels in the testis (Schütt and Nöthiger, 2000, Zha et al., 2009) .
Although tags corresponding to sex-determining cascade genes were searched in our SAGE libraries, their copy numbers had no notable differences between the sexes because these expression tags are gonad-specific and neither silk gland nor midgut-specific ( Supplementary  Table 3 ). In the present study, 79.3% of the unique tags (copy number less than 5) are of low frequency in the two SAGE libraries. Additionally, most of these tags were unmatched SAGE tags, and more than 74.5% of them were alternative tags in both sexes. Tag GCGAACG-CTTGGCGCAT was annotated to a carotenoid-binding protein gene (cbp) (Tabunoki et al., 2004; Sakudoh et al., 2007) , a key protein gene involved in cocoon coloration that was translocated onto the W chromosome in the Ysh strain; however, the tag copy numbers were 1 and 0 in the female and male libraries, respectively. Gan et al. 11005 This tag belonged to low-abundance tags and is not well characterized. Most of the unmatched SAGE tags are novel tags derived from novel transcripts. These novel transcripts may originate from the alternatively spliced transcripts (Mironov et al., 1999; Pauws et al., 2001) ; they may also belong to the non-coding transcripts that have multiple regulatory functions (Erdmann et al., 2001) .Therefore, a suitable method for the future study of these tags is necessary. SAGE analysis elucidated a novel collection of mRNAs, exclusively genes expressed differentially between the sexes in the silk gland and midgut cells during the 5 th instar.
Conclusion
The results of the present study indicate that the constructed SAGE libraries are of great value to excavate genes related to protein synthesis, and they are conducive to understand the mechanisms of sexual disparity in silk protein production efficiency. We can speculate that, if true, more genes annotated by those low-abundance tags in our SAGE libraries may intervene in silk protein synthesis efficiency and silk quality between the sexes of Bombyx.
